A chemiluminometric flow-through sensor for the simultaneous determination of glucose (Glu) and 3-hydroxybutyrate (HB) in a single sample has been developed.
A simultaneous determination of glucose (Glu) and 3-hydroxybutyrate (HB) in serum is important for the diagnosis and management of a metabolism disorder of carbohydrate; these are important markers of glycemic control in diabetes mellitus.
1,2 A split-stream flow-injection analysis (FIA) system with chemiluminometric detection using two immobilized enzyme reactors packed with a coimmobilized glucose dehydrogenase (GDH)/NADH oxidase (NAOD) and a coimmobilized D-3-hydroxybutyrate dehydrogenase (HBDH)/NAOD, respectively, have been developed for the simultaneous determination of the analytes in serum. 3 In the reactors, dehydrogenases and NAOD catalyze the oxidation of substrates in the presence of β-nicotinamide adenine dinucleotide (NAD + ) and the production of hydrogen peroxide as follows: β-D-glucose + NAD + = D-glucose-δ-lactone + H + + NADH, HB + NAD + = acetoacetate + H + + NADH, NADH + O2 + H + = NAD + + H2O2; NADH is a reduced form of NAD + . The hydrogen peroxide formed in the reactors was detected by measuring the chemiluminescence emitted upon admixing with luminol and hexacyanoferrate(III) solutions: luminol + 2H2O2 + 2OH - → 3-aminophthalate + N2 + 4H2O + hν. Major problems for such split-stream FIA system are low sensitivity and decreased sample throughput; in the work, 3 the detection limit for glucose was 20 µM and the sample throughput was 10/h. A sample plug from a reactor disperses into the carrier stream, and is diluted with carrier solution from other streams; these make the peak broader and therefore decrease the sensitivity and lower the possible sample throughput. Furthermore, in the system, the high background level of light emission, which arises from the luminol/hexacyanoferrate(III) with molecular oxygen in the solution, diminished the H2O2 detection limit to 10 -7 M levels. 4, 5 In this paper, a flow-through sensor for the simultaneous determination of Glu and HB in a single line is reported. The sensor was based on the integration of dehydrogenase and oxidase reactions and chemiluminescence detection reactions. Coimmobilized HBDH/NAOD/peroxidase (POD), a support material, and coimmobilized GDH/NAOD/POD were packed sequentially in a transparent PTFE tube, and the tube was placed in front of a photomultiplier tube as a flow cell. A twopeak response was obtained by one injection of the sample solution. The peak heights of the first and second peaks were dependent on the concentrations of HB and Glu, respectively. POD was used in the place of hexacyanoferrate(III) because of a low background level with the luminol system. 6, 7 Microbial POD was selected because a lower background level of light emission and a higher value of Vmax for the luminol reaction than those of the horseradish one. 7 The sensor system was applied to the simultaneous determination of HB and Glu in serum.
Experimental

Chemicals and reagents
Luminol (5-amino-2,3-dihydro-1,4-phthalazinedion, free acid), tresyl chloride (2,2,2-trifluoroethanesulfonyl chloride), D,L-HB salt and other chemicals were from Nacalai Tesque (Kyoto, Japan), and were used as supplied without further purification.
GDH (EC 1.1.1.47, from a microorganism, 268 U mg -1 ) and HBDH (EC 1.1.1.30, from Pseudomonas sp., 155U mg -1 ) were obtained from Toyobo (Osaka, Japan), and NAOD (EC number not assigned, from Bacillus megaterium, 43 U mg -1 ) and POD (EC 1.11.1.7, from Arthromyces ramosus, 250 U mg -1 ) were from Asahi Kasei (Tokyo, Japan) and Suntory (Osaka, Japan), respectively.
Hydrophilic vinyl polymer beads (TOYOPEARL HW-65F) were purchased from Tosoh (Tokyo, Japan). The beads were sieved to obtain a 50 ± 10 µm sieve fraction.
A stock solution of D-glucose (100 mM) was prepared in water and stored in a refrigerator. A stock solution of HB (10 mM) was prepared by dissolving the D,L-HB salt in water. The D-isomer concentration was assumed to be half that of the D,L-HB salt. An NAD + solution [2 mM NAD + in 50 mM phosphate buffer (pH 7.0)] was prepared daily. A stock solution of a luminol solution [10 mM in 0.3 M carbonate buffer (pH 10.0)] was prepared and stored for 3 days in a refrigerator to obtain stability before use. 8, 9 The solution was diluted 50-fold with 0.2 M carbonate buffer (pH 9.4) before use; the solution was stable in an amber glass bottle for 12 h at room temperature.
Preparation of immobilized enzymes
Beads (1 g) were activated with tresyl chloride in a similar manner as those described in previous work. 10 The tresylatebeads (one part for HBDH/NAOD/POD and another for GDH/NAOD/POD) were suspended in 5 ml of 0.1 M phosphate buffer (pH 7.0) containing HBDH/NAOD/POD (1 mg :1 mg :1 mg) or GDH/NAOD/POD (1 mg :1 mg :1 mg) at room temperature for 4 h with occasional shaking. The absorbance of the solutions was measured at 280 nm before and after the immobilization process. A total amount of 1 mg of enzymes was immobilized on the beads in each immobilized process. The POD activities in the solutions were assayed by measuring with H2O2, phenol and 4-aminoantipyrine as substrates. The immobilized POD activity was about 90 U for each enzymes solution. The coimmobilized HBDH/NAOD/POD, polymer beads without enzymes (supports) (PB), and GDH/NAOD/POD, respectively, were packed, in turn, in a transparent PTFE tube (1.0 mm i.d., 30 cm length, limiting pressure 50 kg cm -2 , Valqua, Tokyo, Japan) by slurry packing method. The end of the tube was closed with a ceramic frit (pore size 0.5 µm, GL Sciences, Tokyo, Japan), as shown in Fig. 1 . The tube was coiled spirally and used as a flow cell. The flow cell was washed with 0.1 M Tris-HCl buffer (pH 8.0) to saturate the free sites. When not in use, the cell was washed with 0.1 M phosphate buffer (pH 7.0) and stored in a refrigerator.
Instrumentation and procedure
The FIA system used in the study is shown in Fig. 2 . The luminol and NAD + solutions were pumped with two piston pumps (Hitachi L6000) at 0.1 ml min -1 each. Sample solutions were injected with a Sanuki SVM-6M2L six-way valve (alkaliproof, dead volume 4 µl) with a 5 µl loop into a carrier stream (the mixture of NAD + and luminol solutions).
The chemiluminescence was measured at room temperature (25 ± 2˚C) with a Soma S-3400 luminometer connected to a TOA FBR251A pen recorder; the voltage for the photomultiplier tube was maintained constant at 900 V.
Human serum was stored at -20˚C in the dark. Before an analysis, a sample aliquot (2 µl) was thawed and diluted with 1 l of the 0.2 M carbonate buffer (pH 9.4). The solution was filtered on an ultrafiltration membrane (10000TOYO). The filtrate was injected via the valve. The results obtained by the present method were compared with those obtained with soluble enzymatic methods. 11, 12 Results and Discussion
Characterization of sensor
As the sample zones migrate through the flow cell they always broaden. In this sensor, two peaks can be obtained only if the sample zones widen to a lesser extent than the volume of the solution held in the PB in the flow cell (i.e., dead space in the PB). Therefore, the resolution between two peaks for the sensor is dependent on the quantity of PB (length of PB in the flow cell), the flow rate of the carrier steam and the injection volume. A series of experiments were conducted to establish the optimum operating parameters for the resolution (Rs); the Rs value is the ratio of the peak separation to the mean peak width. A standard mixture contained 200 nM HB and 300 nM Glu was used because the peak heights for the first peak and second one were about the same. Figure 3 shows the FIA responses for five injections obtained from the mixture under the conditions shown Fig. 2 ; the Rs value is 0.80. The flow rate of the carrier stream was changed from 0.1 to 0.3 ml min -1 , while keeping the flow rate ratio of the NAD + and luminol solutions at 1.0. With increasing the flow rate, Rs decreased because the peaks were broadened at a higher flow rate; the Rs values at 0.1, 0.2 and 0. The injection volume influenced both the resolution and the peak height (sensitivity). The maximum injection volume was limited by the dead space of the PB. With an increase in the injection volume, the resolution decreased, but the sensitivity increased. As a compromise among the resolution, the pressure drop and the sensitivity, a flow rate of 0.2 ml min -1 , a PB length of 20 cm and a loop of 5 µl (total injection volume was 9 µl) were selected; under these conditions, the Rs value and the maximum sample throughput were 0.80 and 30 h -1 . Coimmobilized HBDH/NAOD/POD was packed into the upper steam of the flow cell because in sera for healthy subjects Glu concentration ranges between about 30 and 200 times that of HB, and for even diabetic ketoacidosis, that of Glu is about 3-times that of HB. [12] [13] [14] The optimum peak heights were obtained under the conditions of 200 µM luminol in a 0.2 M carbonate buffer (pH 9.4) and a 2 mM NAD solution; the results were similar to those in previous works. 3, 15 The stability of the sensor was evaluated over 2 weeks. The sensor was used for 12 h per day (120 injections of standard mixture containing 500 nM HB and 5 µM Glu), washed with the 0.1 M phosphate buffer (pH 7.0), and then stored in a refrigerator when not in use. The decrease in the peak height for each peak obeyed first-order kinetics. The half-life periods for HB and Glu were 22 and 23 days, respectively; the stability of similar coimmobilized enzymes was governed by that of the NAOD. 16, 17 
Calibration
The peak heights were measured by changing the concentrations of HB and Glu, while keeping the concentration of these substrates at 1:10. Linear responses of the calibration curves were observed from 50 nM to 10 µM HB with a correlation coefficient of 0.992 (11 data points) and from 100 nM to 30 µM Glu with 0.988. The slope of the graph for HB was 1.56-times that of Glu. The detection limits (signal-tonoise = 3) were 10 nM HB and 50 nM Glu. For five successive injections of a standard mixture (200 nM HB and 300 nM Glu) (Fig. 3) , the peak heights for HB and Glu had relative standard deviations (RSDs) of 0.68 and 0.85%, respectively.
Application
The sensor system shown in Fig. 2 was applied to the simultaneous determination of HB and Glu in serum from 8 hfasted normal human adult subject, containing 62 µM HB and 4.85 mM Glu. Figure 4 shows the response obtained from the serum; the sensitivity for Glu was reduced to 1/8 that for HB. The RSDs of 5 replicate injections were 1.2% for HB and 0.81% for Glu, as shown in Table 1 . For a comparison, determinations were carried out by enzymatic methods: 11,12 n = 10, range 42 -279 µM HB and 3.83 -5.26 mM Glu. The calculated linear regressions and correlation coefficients for HB and Glu were y = 0.998x -1.13 and r = 0.989, and y = 1.001x + 0.036 and r = 0.999, respectively.
Conclusions
A sensor for the simultaneous determination of HB and Glu was designed to utilize the principle of a chemiluminometric flow injection with integration of coimmobilized HBDH/NAOD/POD and GDH/NAOD/POD. The sensor was stable enough to permit the measurements of more than 1500 samples during two weeks. The sample throughput was 30 h -1 . Comparing the split-stream chemiluminometric FIA system 3 with two enzyme reactors packed with coimmobilized GDH/NAOD and coimmobilized HBDH/NAOD, the sensitivities for HB and Glu are 80 and 400-times higher, respectively, the sample injection volume is 1/7 times smaller, the sample throughput is 3-times higher and the consumption of NAD + per injection is 1/21 times smaller. This method was applicable to the simultaneous determination of HB and Glu in serum without any deproteinization procedure. Fig. 3 Flow-injection responses for five injections of a standard mixture. First peak, HB; second peak, Glu. The mixture contained 200 nM HB and 300 nM Glu. Fig. 4 Flow-injection response for serum. Serum was diluted 500-fold with 0.2 M carbonate buffer (pH 9.4) and filtered on an ultrafiltration membrane. The filtrate was injected into the system shown in Fig. 2 . SC, sensitivity change noise (the sensitivity for Glu was reduced to 1/8 that for HB). 
